The human γ-globin genes form part of a 5 kb tandem duplication within the β-globin gene cluster on chromosome 11. Despite a high degree of identity between the two genes, we show that while the upstream G
Introduction
Transcription termination is the process whereby the transcription complex and nascent RNA are both released from the template DNA (Platt 1998) and it has several important consequences. The efficient release of the transcription complex facilitates either its return to the cellular pool, or its recycling to promote further rounds of initiation from the same promoter (Dieci and Sentenac, 2003) . Transcription termination is also necessary to prevent occlusion of nearby, downstream genes. Transcriptional interference caused by inefficient termination occurs in a number of genes in the closely spaced yeast genome and can result in a significant down-regulation of the downstream gene (Greger and Proudfoot 1998) . Finally, transcription termination serves as the mechanism by which the nascent RNA is released. In the case of most eukaryotic RNA polymerase II (Pol II) genes the event which releases the functional part of the transcript is not termination, but rather by a co-transcriptional 3' processing event.
The 3' end of all eukaryotic mRNAs, with the exception of the replication-dependent histone encoding mRNAs, are defined by a tail of adenosine residues (approximately 200 in human mRNAs). These are not encoded but rather are added by the template independent poly(A) polymerase following cleavage at a site specified in the primary transcript. The poly(A) site lies between a highly conserved hexanucleotide
Results
The human γ-globin genes ( Figure   1a , the γ-globins lie within a 5 kb direct tandem repeat.
Previous attempts to define the sites of transcription termination in the γ-globin genes have been complicated by their repetitive nature and by the existence within the β globin gene cluster of additional, so called intergenic transcripts. These unstable transcripts initiate between the globin transcription units and within the locus control region (LCR) of the β-globin gene cluster. The extent of intergenic transcription downstream of the two γ-globin genes is indicated in Figure 1a . Previous work (Ashe et al. 1997 ) has suggested that transcription initiating at the A γ and G γ promoters gradually reduces over their 3' flank but does not completely cease prior to the start of intergenic transcription.
The β-globin cluster intergenic transcripts are erythroid specific (Ashe et al. 1997 ), however they can be induced in non-erythroid cells by a variety of methods including; the provision of erythroid transcription factors, disruption of higher order chromatin structure with histone deacetylase inhibitors (Plant et al. 2001) or by the process of transinduction (Ashe et al. 1997 ). This latter phenomenon occurs when plasmids which express parts of the β-globin cluster are transfected into non-erythroid cells; transcribing plasmids localize with the chromosomal β-globin cluster and by an undefined mechanism trigger the transcription of the intergenic, but not genic, regions of the cluster (Ashe et al. 1997) . This further complicates the analysis of transcription termination in the γ-globin genes, since termination within the γ-globin flank contained within a transfected plasmid can be masked by the stimulation of intergenic transcripts from the chromosome. The β-globin gene and its 3' flank were cloned downstream of the HIV LTR promoter and following cotransfection into HeLa cells with the trans-activator Tat (Cullen 1993 ) high levels of transcription were detected by nuclear run on. Crucially, the efficiency of termination could be assessed using a probe (U3) which lies immediately upstream of the HIV LTR transcription start site, thus providing a measure of read through transcription which is uncontaminated by signals derived from the trans-induced chromosomal β-globin cluster (Dye and Proudfoot 1999) .
We have employed this assay to compare the efficiency of termination in the G γ and A γ-globin 3' flanks.
Since the two genes are almost identical over the coding region and the introns (98% with no mismatches in exons or sequences involved in splicing), the first 2 exons and the 5' end of exon 3 (from position +35 to +1373) derived from the same ( 
γ-globin gene is sufficient for efficient termination
To facilitate the rapid analysis of large numbers of deletion clones we have developed a new transient transfection transcription termination assay based on read round into the HIV LTR promoter. As with the previous assay, transcripts which do not terminate read around the transfected plasmid and into the promoter from which they were initiated. These read through transcripts are unstable and are not exported from the nucleus (data not shown); however they can be detected in the nuclear RNA fraction (e.g. Figure 2b , lanes 4 and 5). Thus following transfection and 24 hour of expression, transcripts which initiate at the HIV promoter can be differentiated from those which read round the plasmid by RNase protection assay using a probe which spans the HIV promoter (Figure 2a ).
To determine how much of the G γ 3' flank is necessary for efficient termination, a series of deletion clones were generated. As with the minigenes described in Figure 1 Although the 3' flanks of the γ-globin genes are similar (averaging 75% identical over the first 1.1 kb, see Figure 1a ), there is considerable scope for sequences important in termination to differ between these two genes. In particular, the G γ-globin gene possesses an insertion of 120 nt at a position 0.5 kb downstream of the poly(A) site, within the probe G5 (see Figure 1) .
We have generated a set of clones with hybrid 3' flanks to determine which differences in the 3' flank of the γ-globin genes account for their different ability to terminate. The read round assay used in the experiment above is not purely transcriptional; since it utilises steady state RNA its outcome is also influenced by RNA stability. However it should be noted that the read round RNA detected in this assay was unpolyadenylated nuclear RNA and therefore, we believe, all unstable. It seems probable that transcription, and not RNA stability, is the primary determinant of the appearance of a read round signal in this assay. Thus, although the amount of read round measured in this assay is not strictly quantitative, and indeed we have been careful to avoid treating it as such, it provides a rapid assessment of whether transcription reads round into the HIV promoter at all. The flank swap experiments described above provide strong evidence for the validity of these assays; two almost identical clones which differ only in their poly(A) signal (for example HγG7 and HγApA/G7) gave opposite results in this assay (Fig 3a lanes 2 and 3) strongly suggesting that RNA stability is not a major determinant. In addition, the principle findings of the assay have been verified in later run on experiments and therefore we believe this read round assay to be a useful initial analytical tool.
To investigate the difference between the poly(A) signals of the two γ globin genes we carried out a poly(A) competition assay ( Figure 3b ). In this assay the upstream γ poly(A) signal competes with a stronger downstream synthetic poly(A) signal SPA (Levitt et al. 1989 ). The balance of poly(A) site usage is influenced by the relative strengths of the two poly(A) signals and so this assay can be used to rank poly(A) sites according to their strength by comparing each to the SPA in turn (Levitt et al. 1989 ).
The poly(A) site of each of the γ-globin genes was competed against the SPA by cloning the latter at a position 37 nt downstream of the cleavage site of each γ-globin gene in the HIV promoter minigene setting used in previous experiments (see Figure 3bi ). In this context, the A γ-globin poly(A) signal was able to compete at roughly 40% with the SPA (lane 1). By comparison the G γ-globin poly(A) signal was much stronger, contributing over 90% of the signal (lane 2). We note the difference in the overall signal obtained from the two competition clones (lanes 1 and 2) and although we can not presently explain this difference, the result was reproducible (data not shown) and all the usual checks on plasmid integrity revealed no inconsistencies. We have carried out the poly(A) competition assay in a different minigene setting in which transcription of the three exons of α-globin were driven by its own promoter under the additional regulation of the SV40 enhancer. In this case we were able to measure the difference in the strength of the two poly(A) signals without a change in the overall signal observed ( Figure 3bii ).
These experiments suggest an obvious and simple difference between the two γ-globin genes. It may be noted that the signal observed over probe U3 appears somewhat low in all cases, which may suggest a strong termination event upstream of this probe. However, the region corresponding to probe U3 is short and has a proportionally low U content (see Table 1 ) which reduces the amount of radioactivity incorporated into transcripts hybridising to this region which in turn lowers the signal observed on the filter.
When U content is taken into account it can be seen that there is not a strong termination event immediately prior to the HIV promoter (see graph).
This analysis suggests that there is not a single, strong termination site within the HγG7 minigene, but rather that termination occurs in a gradual manner across both the kb downstream of the poly(A) signal through which selection does not occur, suggesting that the transcripts in this region are not contiguous. Further work showed that the RNA generated in this region of the β-globin gene undergoes cleavage and that this event is an important precursor to transcription termination (Dye and Proudfoot 2001) . These data were interpreted into a two step model for termination in which a re-iterative co-transcription cleavage (CoTC) event mediates the ultimate release of RNA polymerase following polyadenylation and the release of the mature mRNA (reviewed by Proudfoot et al. 2002) .
We have used hybrid selection nuclear run on analysis to look for CoTC in the γ-globin genes (Figure 4b ). A series of 5 nuclear run on probes (G3 to pG7) provide complete coverage of the 1.1 kb region of selection using a probe generated from the β-globin gene (bottom panels) was carried out to ensure that selection was specific.
These data therefore rule out CoTC as a component of the termination mechanism in the γ-globin genes.
Thus the human γ-globin genes differ from the β-globin gene, where strong CoTC elements mediate transcription termination, and also from the human ε-globin gene in which there is evidence that weak CoTC elements have a similar role.
Transcription pausing in the G

γ-globin 3' flank
It has previously been demonstrated in a number of yeast and mammalian genes that transcriptional pausing downstream of the poly(A) signal may contribute towards the ability to of Pol II to terminate (Aranda and Proudfoot 1999; Birse et al. 1997; Tantravahi et al. 1993) . The data above show enhanced use of the weak upstream poly(A) site in the assay, which may be interpreted in three ways. Firstly, polyadenylation enhancement as a result of the binding of positive regulatory factors to the flanking RNA is possible, although since the effect was shown to spread over 1.1 kb of 3' flank this perhaps seems unlikely. Secondly, it is possible that the G γ-globin 3' flank forms an RNA secondary structure which enhances polyadenylation, although since the four separate regions of the flank each have an individual effect of poly(A) site usage this again seems unlikely. In addition, since we have shown that the
Discussion
The two human γ-globin genes form part of a 5 kb tandem repeat within the β-globin gene cluster and show a high degree of identity across their exons and introns (average >95% as shown in Figure 1a ) and also across both 5' and 3' flanks (average 75-80%). In the 5' flank and coding region, this similarity reflects the conserved regulation and function of the two genes. In the 3' flank of the γ-globin genes, the similarity may merely be indicative of a recent evolutionary origin; however it is also possible that here too it reflects conserved regulation, potentially in the termination stage of transcription.
We have compared the transcription profiles of the G γ-and A γ-globin genes using a transient transfection system. Plasmid minigenes under the control of the HIV LTR promoter were generated for both human γ-globins and these were transfected into HeLa cells and nascent transcription measured using nuclear run on.
In both cases nascent transcripts were detected across the entire flank. However using a probe immediately upstream of the HIV LTR transcription start site (probe U3) it was seen that while transcription of the (Figure 3 ). Within the region tested, only 7 nucleotide differences occur between the two poly(A) sites; the majority of these lower the GU content in the downstream GU/U-rich region of the A γ signal and would therefore be predicted to reduce its strength. The correlation between poly(A) signal strength and transcription termination is in agreement with other studies (Tran et al 2001; Kim and Martinson, 2003) . Furthermore in our previous studies using a similar β-globin minigene, mutation of the poly(A) signal significantly increased the amount of transcriptional read-through into the HIV promoter, as assessed by nuclear run on (Dye and Proudfoot 1999) . In an alternative approach, plasmid minigenes containing either weak, intermediate or strong poly(A) signals were injected into Xenopus oocytes and using electron microscopy it was shown that poly(A) efficiency correlates both with the percentage of terminating plasmids and with the site of termination (Osheim et al. 1999 ).
We also attempted to dissect the Transcriptional pausing has been shown to be an important component of the termination mechanism for a number of mammalian and yeast genes. In the fission yeast Schizosaccharomyces pombe pause sites in the 3' flanks of the ura4 and nmt2 genes are required for transcription termination (Aranda and Proudfoot 1999; Birse et al. 1997) . Similar pause sites have been identified in the human α2-globin (Enriquez Harris et al.
1991) C2 complement (Ashfield et al. 1994 ) and mouse IgM (Peterson et al 2002) gene. Pausing downstream of the poly(A) site is an integral part of the Torpedo model of termination; transcription complexes which are slowed by pausing are more readily overtaken by the RNA degrading activity which eventually causes template release (Proudfoot 1989) . Recent evidence in both yeast and mammalian systems have confirmed that the major nuclear 5'-3 exonuclease (Rat1p in yeast and Xrn2 in mammals) is indeed required for efficient Pol II termination (Kim et al. 2004; West et al. 2004 ) . Analysis of the C2 pause site in an in vitro coupled transcription-polyadenylation system showed that pausing can also stimulate polyadenylation (Yonaha and Proudfoot 1999; Yonaha and Proudfoot 2000) . In addition the latter studies showed that not all pause sites are able to stimulate polyadenylation, however they do suggest an additional mechanism by which pausing promotes transcription termination ).
An alternative type of terminator has recently been described in the human β-globin gene (Dye and Proudfoot 2001) . A termination region was identified 900-1600 nt downstream of the poly(A) site of the β-globin gene and hybrid selection analysis of the nascent transcripts showed that they were not contiguous across this region, instead being cleaved in a co-transcriptional event. Although co-transcriptional cleavage (CoTC) is not dependent on polyadenylation both events are necessary for termination to occur, downstream of the site of CoTC (Dye and Proudfoot 2001) . We have looked for co-transcriptional cleavage in both the G γ-and A γ-globin 3' flanks, but have found no evidence that it occurs in either gene (Figure 4b ). We therefore predict that while some genes employ CoTC to mediate efficient Pol II termination, other genes utilise pausing mechanisms instead.
The emerging view of transcription termination is one in which events integrated through the CTD influence the conformation of the transcription complex, RNA processing and the structure of the chromatin through which transcription occurs (Proudfoot 2004) . Ultimately this results in transcription termination, not in some random fashion, but in a way which is regulated by activities occurring across the genes. Polyadenylation is at the heart of the events leading to transcription termination and the work presented here on the duplicated γ globin genes in human highlights this role by directly comparing two poly(A) signals which have different strengths ultimately leading to markedly different profiles of transcriptional termination.
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Tables
Probes M and 5S are an M13 background control and 5S ribosomal run on control respectively. Nuclear run ons were quantified using a Molecular Dynamics phosphorimager, signals were corrected for U content and normalised for transfection efficiency to probe AG3 and are shown graphically.
b) Hybrid selection run on. Cells were transfected with plasmids HγG7 or HγA7 plus the Tat expression plasmid as described above. Following nuclear run on, isolated radiolabelled RNA was hybridised to a biotinylated riboprobe complementary to region 1424-1711 of G γ-globin. This region is 93% identical between the two globin genes and therefore could be used for selection of transcripts from both genes. A control selection using the β-globin probe B4 (Dye and Proudfoot 2001 ) is shown below. Following hybridisation to the biotinylated selection probe, contiguous transcripts were isolated using streptavidin coated magnetic beads (Promega). Selected transcripts were hydrolysed, neutralised and then hybridised to the probe panels shown, as per the normal run on technique. 
